Introduction
Cirrus clouds generally form at temperatures below -30øC and at relative humidity (RH) from well below saturation with respect to water (at colder temperatures) to water saturation [e.g., Heymsfield and Miloserich, 1995] . Widespread cirrus m midlatitudes are produced by gentle lifting processes with large-scale updraft velocities of 1 to 20 cm s •. More localized cirrus-generating regions may contain updrafts up to 1.5 m s -• [Gulteppe et al., 1995] . At the warm end of the cirrus temperature spectrum, any existing liquid cloud droplets which are lofted and cooled are expected to freeze homogeneously at around-36øC. At lower temperatures, unactivated solution droplets (haze particles) are expected to freeze homogeneously at a RI-I below water saturation. In contrast, particles that act as heterogeneous ice nuclei (IN) are thought to be present in concentrations much lower than cloud condensation nuclei (CCN). Consequently, heterogeneous processes have been thought to be of less importance in cirrus. This paper critically evaluates this premise based on available knowledge. This paper examines the potential for heterogeneous ice nucleation by immersion freezing of solution droplets at tropospheric temperatures below -38øC to impact ice formation in cirrus clouds. This problem is analyzed using theoretical/empirical calculations of homogeneous and heterogeneous freezing nucleation. The expected sensitivity of cloud microphysics to natural aerosol properties is considered. Data on aerosol and cloud microphysical characteristics are then examined considering these calculations to determine which process or combination of processes best fit the observations. Copyright 1997 by the American Geophysical Union.
Ice Formation Processes in Upper Tropospheric Clouds

Homogeneous Freezing Nucleation
Homogeneous freezing nucleation refers to the spontaneous formation of ice within the metastable liquid phase. The formation of ice in pure or highly dilute cloud droplets is expected to occur over a narrow range of temperatures from about -35 ø to -38øC [see, e.g., Sassen and Dodd, 1988 For this paper the adiabatic parcel model within which calculations of homogeneous freezing were made is the one described by DeMott et at. [1994] . Solution droplets of a given size and molality are assumed to have effective freezing temperatures [Sassen and Dodd, 1988] 
The coefficients c, are given in Table 1 Uncertainties in the amounts of ice formed by homogeneous freezing and the relative humidity range at which the process ensues may be gleaned from previous literature. It is important to note these uncertainties because they affect the frequency, persistence and radiative properties of cirrus clouds. For given vertical motions and thermodynamic conditions, at least three factors lead to uncertainties in the amounts of ice formed by homogeneous fleezing and the humidity range at which this occurs in the atmosphere. These are the nonequilibrium effects of different solutes on freezing [Pruppacher and Neiberger, 1963] , the actual solute composition and the aerosol size distribution. The value of 3, used for ammonium sulfate (3, = 1.7) is based on the observed nucleation temperatures, or nonequilibrium freezing point depressions, of a number of both ionic and nonionic solution emulsions (Rasmussen, 1982) . Nevertheless, rigorous experimental inferences to 3, have not been made for (NH4)2SO4 nor for other substances of relevence to the atmosphere. To demonstrate the impact of this uncertainty, a simulation assuming ideal ammonium sulfate solutions (3, = 1) is also shown in Figure 1 (long-dashed curves). This assumption lowers the peak relative humidity in the air parcels but only lowers by 10% the maximum ice crystal concentrations nucleated.
The potential uncertainty introduced into calculations due to uncertainty in solute composition is investigated by also performing calculations of homogeneous freezing for 
Coefficients C i are given in Table 1 . This parameterization follows Pruppacher and Klett [1978] and uses data given by Weast [1981] . It is valid for data compiled at T > -40øC and M < 4.2 but is used outside these bounds in this study. Water activity (a,•) versus molality was based on a form suggested by Chen [1994] . This is To summarize, we note from previous literature and calculations presented that 1) uncertainties in the composition and nonequilibrium freezing behavior of soluble atmospheric particles affect mainly the onset humidity at which cirrus form by a homogeneous freezing process, and 2) the expected uncertainty in the concentration of ice crystals formed due to changes in aerosol size distribution is < 50% except in very special situations. These results will be compared and contrasted with the impact of considering the added process of heterogeneous freezing nucleation. Vali, 1985] . In considering ice formation for conditions existing in most UT clouds, the deposition and immersion freezing processes appear to be the ones of most importance. Deposition, the formation of ice directly from the vapor onto a particle surface, is only relevant for "dry" and insoluble particles. Immersion freezing, the nucleation of a liquid particle by an insoluble particle within it, is relevant for liquid solution droplets. With deep convective transport of cloud water into the upper troposphere, other processes might become important, although below -38øC homogeneous freezing will efficiently convert any remaining water to ice in strong updrafts.
DeMott et al. [Hoffer, 1961] . Although the concentrations of highly efficient freezing nuclei may be small in the upper troposphere due to precipitation scavenging, any insoluble particle may act as a freezing nucleus at highly supercooled temperatures. For example, DeMott [1990] showed that soot particles begin to act as heterogeneous freezing nuclei in cloud droplets at temperatures below about -25øC. Thus it is reasonable to assume that some insoluble particles will also cause unactivated (mostly submicron) solution droplets to freeze at a higher solution concentration than they would freeze homogeneously.
The In conclusion, heterogeneous ice nuclei could exert a much stronger and more variable climate-forcing influence in cirrus clouds than that which is exerted by soluble aerosols acting solely by a homogeneous freezing process. This study provides a quantitative example of the importance of considering ice nuclei in the overall aerosol-cloud-climate scenario, as stated by Rogers [ 1994] .
